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ABSTRACT

Anopheles gambiae and An. arabiensis are mosquito species responsible for most malaria transmission
in sub-Saharan Africa. They are also closely related sibling species that share chromosomal and molecular
polymorphisms as a consequence of incomplete lineage sorting or introgressive hybridization. To help
resolve these processes, this study examined the partitioning of mtDNA sequence variation within and
between species across Africa, from both population genetic and phylogeographic perspectives. Based
on partial gene sequences from the cytochrome b, NDI and ND5 genes, haplotype diversity was high
but sequences were very closely related. Within species, little or no population subdivisich was detected,
and there was no evidence for isolation by distance. Between species, there were no fixed nucleotide
differences, a high proportion of shared polymorphisms, and eight haplotypes in common over distances
as great as 6000 km. Only one of 16 shared polymorphisms led to an amino acid difference, and there
was no compelling evidence for nonneutral variation. Parsimony networks constructed of haplotypes
from both species revealed no correspondence of haplotype with either geography or taxonomy. This
trend of low intraspecific genetic divergence is consistent with evidence from allozyme and microsatellite
data and is interpreted in terms of both extensive gene flow and recent range expansion from relatively
large, stable populations. We argue that retention of ancestral polymorphisms is a plausible but insuffi-
cient explanation for low interspecific genetic divergence, and that extensive hybridization is a contribut-

R
i
z

9
o

f
b

ing factor.

Anopheles gambiae and An. arabiensis are important
components of a malaria-vectorial system encom-
passing most of sub-Saharan Africa. Of the six closely
related Afrotropical sibling species collectively known
as the An. gambiae complex, these two member species
are the most widespread, occurring in sympatry
throughout most of sub-Saharan Africa and its offshore
islands. In spite of such extensive sympatry, the inci-
dence of naturally occurring interspecies hybrids (rec-
ognized chromosomally) is at or below 0.2% (reviewed
in CoLuzzI et al. 1979). The fate of hybrids in nature
is unknown, but laboratory experiments have demon-
strated their potential as a bridge for gene exchange.
Although male F, hybrids are sterile, females are fertile
and vigorous under laboratory conditions (COLUZZi et
al. 1979). Interestingly, An. gambiae and An. arabiensis
share cytologically identical paracentric inversions on
chromosome 2. If molecular analyses show these inver-
sions to be monophyletic, their presence in both species
can be explained either by retention of ancestral poly-
morphism or by recent gene flow. The gene flow hy-
pothesis is plausible in that chromosomal arrangements
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from one species have been introgressed into the other
by backcrossing in the laboratory (DELLA TORRE et al.
1997). ' ‘ .

Until quite recently, the only available phylogeny of
the An. gambiae complex was based on fixed paracentric
inversion differences between species (COLUZZI et al.
1979; Park 1992). In spite of shared autosomal inver-
sions and behavioral similarities, An. arabiensis and An.
gambiae were not predicted to be sister taxa. Their di-
vergent placement on thé inversion tree was dictated
by species-specific inversions on the X chromosome.
Recent attempts at phylogenetic reconstruction using
DNA sequences have yielded conflicting results. Ge-
netic distance measurements using DNA-DNA hybrid-
ization of total single-copy DNA were unsuccessful be-

cause differentiation between species was below the lim-

its of resolution of this technique, underscoring their
close relationship (N. Besansky, G. CACCONE and J.
POWELL, unpublished data). However, phylogenetic
analyses of sequences from mitochondrial, Xlinked ri-
bosomal, and two chromosome 2 genes (both outside
of the shared inversion) unanimously and strongly sup-
ported a sister taxa relationship between An. gambiae
and An. arabiensis (BESANSKY ef al. 1994; MATHIOPOU-
LOUS éf al. 1995; CACCONE e¢f al. 1996), in contradiction
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to the inversion phylogeny. Moreover, mtDNA phyloge-
nies based on the ND4-ND5 genes (BESANSKY et al.
1994) and the control region (CACCONE ¢ al. 1996)
from multiple laboratory strains revealed a paraphyletic
relationship between sequences from An. gambiae and
An. arabiensis.

This study attempts to distinguish the current and
historical relationships among these taxa, using a com-
parative population genetic and phylogeographic analy-
sis of mtDNA. It was premised on the expectation that
recent or ongoing hybridization leading to interspecies
transfer of mtDNA might be distinguished from shared
ancestral mtDNA polymorphism, given sufficient intra-
specific differentiation over the entire geographic
range of each species. The data presented here provide
the first detailed picture of the mitochondrial relation-
ships within and among these taxa across Africa, a pic-
ture that implicates ongoing hybridization as a contrib-
uting factor in their evolutionary dynamics.

MATERIALS AND METHODS

Sampling: Adult An. gambiae and An. arabiensis were col-
lected from eight locations in Kenya and three locations in
Senegal, and additional specimens of An. arabiensis were taken
from two locations in South Africa that lie outside of the range
of An. gambiae (COETZEE et al. 1993; Figure 1). Morphological
identification of anophelines in the field followed GILLIES and
DEMEILLON (1968); further .identification of species in the
An. gambiae complex was achieved by a PCR assay (SCOTT et
al. 1993).

In Kenya, gravid females were collected in May of 1987
by aspiration from the walls or bednets inside dwellings,
previously described (MCLAIN et al. 1989). The mosquitoes
analyzed were the F; progeny, which were reared to adulthood
and stored in liquid nitrogen; only one progeny per ﬁeld—
collected female was used.

In Senegal, collections were made from Dielmo and Ndlop
between October and December of 1994 by indoor and out-
door night captures on human volunteers as described pre-
viously (FONTENILLE et al. 1997a,b). Collections at Barkedji
were made in September of 1995 by pyrethrum spraying of
bedrooms and storerooms (LEMASSON et al. 1997). While still
in the field, specimens were individually placed into 1.5 ml
microcentrifuge tubes with desiccant; long-term laboratory
storage was at —20°.

In a section of Kruger National Park, South Africa, at least
9 km from human habitation, a freshwater geothermal spring
provides a permanent breeding site for An. arabiensis (BRAACK
et al. 1994). At this site (Malahlapanga, 31°03’E, 22°53’S) in
December 1995, mosquitoes seeking a bloodmeal from hu-
man volunteers were captured by mouth aspiration. These
were sealed in individual gelatin capsules and stored at room
temperature with desiccant. Additional An. arabiensis speci-
mens from South Africa were gbtained from a laboratory
strain established from material captured in Mananga
(31°50’E, 25°56°S), 350 km south of Malahlapanga

DNA extraction, amplification, and sequencing: DNA from
individual specimens, or legs from specimens, was extracted
(CoLLINs et al. 1987) and resuspended in 50—100 ul water. A
968-bp segment of the mitochondrial NADH dehydrogenase
subunit 5 (ND3) gene and a 679-bp segment spanning part
of the NADH dehydrogenase subunit 1 (NDI), the complete
tRNA®" gene, and part of the cytochrome b (¢yth) gene (BEARD
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et al. 1993; GenBank accession # 1.20934) were PCR amplified
in 50-ul reactions containing 1 pl of a 1:10 DNA dilution (or
1 pd undiluted if from legs alone), 50 pmol primers, 5 ul
10X reaction buffer containing 15 mM MgCly, 200 puM each
dNTP (PerkinElmer), and 1.25 U Taq polymerase (Boehr-
inger Mannheim or GibcoBRL). Primers for the ND5
gene were 19CL (5"-CTTCCACCAATTACTGCTATAACAG-S',
positions 6731-6755) and DMP3A (5’-AGGATGAGATGG
CTTAGGTT-3', positions 7680-7699). Primers for NDI-cyth
were DM33C  (B'-AGCTCTAGCAAGTTTCGAGG, positions
11338-11356) and DM10C (5'-GGTTTAGTCTGGCTAGCT,
positions 12000-12017). After 5 min denaturation at 94°, 35
cycles of 15 sec denaturation at 94°, 15 sec annealing at 50°,
and 1 min extension at 72° were performed, followed by a 5
min final extension at 72°. PCR products were purified using
the Wizard PCR Preps kit (Promega), and cycle-sequenced.
Manual sequencing was performed usmg the fmol DNA
Cycle Sequencmg System (Promega) and primers end-labeled

. with y**P. For ND5, these primers were the same as those

used for PCR amplification. For NDI-¢yith, the DM33C PCR
primer did not perform well for sequencing and was replaced
with DMIC (5-GAGTTCGAGGGACTTTA-3', positions
11751-11767). Because both sequencing primers, DM1C and
DMI10C, annealed to the same strand, NDI-cyth was only se-
quenced in one direction.

Automated sequencing of ND5 was performed with the
PRISM Dye Deoxy Terminator Cycle Sequencing Kit (Applied
Biosystems), and Centricep-purified samples were run on the
Applied Biosystems 377 DNA sequencer. Both strands were
sequenced, using 6848 (5-ACTAACCGAAATGAATAACAT
ACAG-8’, positions 6848—6872) and DMP3A. Sequences have
been deposited in GenBank, accession numbers AF020965—
AF021023.

mtDNA analysis: The absence of insertions and deletions
allowed for unambiguous sequence alignment. Basic se-
quence statistics were computed with MEGA (KUMAR et al.
1993). Haplotype diversity (heterozygosity) was calculated us-
ing formula 8.5 of Nei (1987). Estimates of nucleotide variabil-
ity were not corrected for multiple substitutions because levels
of divergence were very low. A program written by T.L. in
SAS language (SAS INSTITUTE 1990) was initially used to esti-

‘mate the average number of pairwise nucleotide differences

within and between populations of each species (nucleotide
diversity 7, equation 10.5 of Ner 1987) as well as the gross
and net divergence between them (d; and d4 of NEI 1987,
equations 10.20-21). These and other population genetics
parameters were also computed by the program DnaSP 2.0
(Rozas and Rozas, 1997). The standard error (SE) of 7 was
the square root of the total (stochastic + sampling) variance
per nucleotide site (TAjMA, 1993). The parameter 6 (= 2Nu)
was estimated from the number of segregating sites (com-
puted by DnaSP with equation 10.3 of NEI, 1987 and herein
called 85). Its SE was the square root of the variance per
nucleotide site for no recombination (equation 4 of TAJIMA,
1993). Alternatively, the phylogenetic estimate of § (UPBLUE
of Fu, 1994 and herein called #,) was computed at the Web
site of Y-X. Fu, http://hgc.sph.uth.tmc.edu/fu.

To test for neutral mutation, the D statistics of TajMa (1989)
and Fu and Lz (1993) were computed using DnaSP. TAJiMA'S D
was calculated using the value of 85 based on the number of
segregating sites. The D statistic of Fu and LI required an out-
group. This consisted of ND5 sequences from two field-collected
An. merus, another sibling in the species complex (GenBank
accession numbers AF021024-AF021025).

The extent of nucleotide differentiation between popula-
tions was calculated by estimating Fsr, where Fsp = 1 — [H./
H,], and H,and H, are the average number of pairwise differ-
ences within and between subpopulations, respectively (HUD-
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FiGure 1.—Map of col-
lection sites.” Representa-
tives of both species were
collected at all sites except
those in South Africa (An.

arabiensis only) and two in
Kenya (Ahero, An. ara-
biensis only; Nyakoch, An.
gambiae only).

SON et al. 1992a, Equation 3). To account for differences in
sample size, H, was calculated based on a weighted mean.
Significance of Fsr estimates was evaluated against the results
from 500 random permutations (FUDSON et al. 1992b), exe-
cuted by a program written in SAS by T. LEHMANN. Levels of
gene flow (N,,) were estimated by N,, = H,/2(H, — H,) (HuD-
SON et al. 1992a, Equation 4).

Genealogical relationships among mtDNA haplotypes were
represented in a hand-drawn network that minimized the
number of pairwise mutational differences. The probability
of parsimonious (i.e., no unobserved) connections between
haplotypes was calculated as in TEMPLETON et al. (1992).

Allozyme analysis: The allozyme frequency data reported
by MILES (1978) for populations of both species across Africa
were analyzed using BIOSYS (SWOFFORD and SELANDER, 1989)
as described previously by LEHMANN et al. (1996) for An. gam-
biae. Populations of at least 14 mosquitoes from West Africa
(The Gambia: Keneba, Mandinari; Senegal: Hanéne, Thiés),
East Africa (Kenya: Kisumu, Chulaimbo), and Southern Africa
(South Africa: Pelindaba; Zimbabwe: Kanyemba) were exam-
ined using data from five to six loci. These were the a-naph-
thyl ‘acetate esterases (Est-1, Est-3 for both species and Est-
2 for An. gambiae only), octanol dehydrogenase (Odk), and
phosphoglucomutase (Pgm-1, Pgm-2).

RESULTS

Inter- and intraspecific mitochondrial DNA polymor-
phism: The nucleotide sequence of 665 bp of the ND5
gene (positions 6896—7560 in the An. gambiaereference
sequence of BEARD ef al. 1993) was determined for a
total of 65 An. gambiae and 56 An. arabiensis sampled
from three countries: Kenya, Senegal, and South Africa
(Figure 1). In addition, the nucleotide sequence of 531
bp containing the tRNA™ gene flanked by portions of
the NDI and cytb genes (positions 11340-11870 in
BEARD et al. 1993) were determined for the same 37

An. gambiae and 23 An. arabiensis sampled from Kenya.
These two gene regions were chosen because prior re-
striction site surveys of Kenyan populations from both .
species identified them as polymorphic (N. BESANSKY,
P. MEHAFFEY and F. COLLINS, unpublished data). All
sites segregating within An. gambiae and An. arabiensis,
and the sequence variants (haplotypes) defined by
them, are shown in Figure 2. All polymorphic sites were
either silent codon sites or were conservative replace-
ment sites (position 7290, V — I; 7332, D — N; 7479,
V — I, 7485, G = S; 7506, I — V). This, together with
the fact that direct sequencing revealed no ambiguities
characteristic of heteroplasmy and that no insertion-
deletion differences were found within or between spe-
cies, suggests that the sequenced segments were bona
fide mtDNA rather than nuclear-transposed copies.
No sites were fixed at different nucleotides between
species. Of the 12 NDI-¢yth sites that were polymorphic
in either species, 11 and three were polymorphic within
An. gambiae and An. arabiensis, respectively. More strik-
ing, of 39 ND5 nucleotide sites polymorphic in either
species, 28 and 25 were polymorphic within An. gambiae

_and An. arabiensis, respectively. Not only was there sub-

stantial shared polymorphism in both species, but the
distribution of ND5 haplotypes by species and geo-
graphic origin indicated eight haplotypes common to
both species over distances as great as 6000 km (Table
1). The average level of ND5 sequence divergence be-
tweenspecies was only 0.46% per nucleotide site, with
a net difference of 0.04% after accounting for within
species polymorphism.

Within each species, no single sequence type pre-
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FIGURE 2.—Unique
mtDNA haplotypes found
for the ND5 and NDI-cyth
gene fragments from both
species. Only the polymor-
phic positions are shown,
and these are numbered
with reference to the pub-
lished An. gambiae mtDNA
sequence (BEARD et al,
1993; GenBank accession
no. L20934). Dots repre-
sent identity with respect
to the first sequence listed.
Each haplotype was as-
signed a number that was
preceded by the letter a or
g if it was unique to An.
arabiensis or An. gambiae,
respectively; if shared by
both species, it was pre-
ceded by an asterisk. The
frequency, given in paren-
theses, indicates the num-
ber of times the haplotype
was found in the total sam-
ple. The five positions in
ND5 in which bp substitu-
tions would result in an
amino acid replacement
are indicated by an R
above the sequence. Be-
low the list of sequences,
an asterisk marks positions
that are polymorphic in
both species; an a or g
marks positions that are
polymorphic only in An.
arabiensis or An. gambiae,
respectively.
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TABLE 1
Geograpbhic distribution of ND5 haplotypes from An. gambiae and An. arabiensis

An. gambiae An. arabiensis
Collection site ~ Sample size mtDNA haplotypes® Sample size mtDNA haplotypes®
Kenya
Asembo 8 2, 11, 32, 33, 47, 48 (2), 49 4 1(2), 2,40
Escarpment 6 33, 42, 50, 51, 52, 53 2 1,41
Ahero — ) — 4 1, 11, 42, 43
Kisian 4 2, 11, 32, 54 2 1, 44
Wathrego 6 2, 33 (3), 48, 53 5 1(2), 11, 43, 45
Nyakoch 4 2, 11, 55, 56 —_ —
Jego 5 32(2), 41 (2), 57 2 1(2)
Muhroni 4 33 (2), 58, 59 4 1, 2,41, 46
Senegal
Dielmo 10 2(4), 3 (2), 4, 16, 35, 39 9 5,17, 18, 19, 20, 21, 22, 23, 26
Ndiop 9 2,3(2),6,7,24, 25,27, 34 9 1(2), 10, 11, 12, 18, 14, 15, 37
Barkedji 9 2,3(4),9, 28,29, 38 8 1, 2, 8, 33 (2), 34, 35, 36
South Africa
Malahlapanga —_ — 5 11, 30 (8), 32
Mananga — — 2 31 (2)

=

Haplotypes shown in bold italic are present in both species.

“Values in parentheses are frequency.

dominated. Estimated haplotype diversity was quite
high in all populations sampled, although certain hap-
lotypes (e.g., 2and 1.1) were geographically widespread
(Table 1). Among the 65 An. gambiae ND5 sequences,
33 haplotypes were found, 26 of which were singletons
(represented in a single individual). Similarly, 11 of 15
NDI-cytb haplotypes were singletons. In An. arabiensis,
the same pattern was detected. Among 54 ND5 se-
quences (excluding the two derived from the Mananga
colony), 32 haplotypes were found, 25 of which were
singletons. The two mosquitoes from the Mananga col-
ony shared the same haplc;type, which differed slightly
from the 32 sampled from natural populations. For the
23 An. arabiensis ND1-cyth sequences, there were no sin-
gletons among four haplotypes, yet diversity was still
relatively high. _

This diversity of haplotypes was achieved with rela-
tively slight differentiation in pairwise comparisons (Ta-
ble 2). Thus, the average number of pairwise nucleotide
differences () for An. gambiae ND5 was 0.38% per site,
or 2.5 nucleotides (nt) per sequence. Similarly, 7 for
An. arabiensis was 0.46% per site for- ND5, or 3.1 nt per
sequence. In neither species did any pair of haplotypes
differ by more than 7 nt.

Tests of neutral mutation: Under the infinitesites
model of neutral mutations and a population at equilib-
rium with respect to mutation and drift, 7 and ¢ should
both equal 2Ny for mtDNA, where N is the effective
population size and y is the rate of mutation per site
per generation (NEI, 1987). In An. gambiae and An.
arabiensis populations, values of §sand 6, were generally
higher than those for 7 (Table 2). Nevertheless, most
values of Tajima’s D (TajiMa, 1989) and Fu and Lrs D

(FU and L1, 1993) were consistent with neutral muta-
tion of ND5 and NDI-cyth. Significant negative values
found in the total An. gambiae sample likely were due
to inappropriate pooling of locations in Senegal and
Kenya (see below), each with a high proportion of sin-
gletons. Interpretation of the significant negative value
of Fu and Lrs D from An. gambiaein Senegal will require
sequence data from multiple unlinked loci (SIMONSEN
et al. 1995). In the absence of compelling evidence to
the contrary, we assume that variation detected in the
mtDNA of both species is neutral and that selection is .
not responsible for the maintenance of shared polymor-
phisms between these species.

Geographic structure and gene flow within spe-
cies: The locations sampled in Senegal and Kenya were
separated by ~6000 km and were, respectively, ~7000
and ~2000 km removed from Kruger National Park,

" South Africa. Because they represent opposite extremes

of the species’ distributions on the African continent,
it was expected that comparison of sequences sampled
from these locations would show the maximum levels
of genetic divergence.

The effect of distance on levels of gene flow was esti-
mated from pairwise Fsr values. For both species and
all comparisons among paired locations within 700 km
of each other, these values were either zero or insignifi-
cantly small, as judged by the results of 500 random
permutations. For An. arabiensis, even the Fgrvalues for
South Africa vs. Kenya or Senegal were not significant.
Only for Senegal vs. Kenya was significant genetic differ-
entiation detected, with Fsr = 0.018 (P < 0.02) for An.
arabiensis, and Fer = 0.085 (P < 0.002) for An. gambiae.
While significant, these values nevertheless corre-
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TABLE 2
Summary statistics for mtDNA polymorphism

n S h ™ Os Oy Tajima’s D Fand L's D
An. gambiae
Total (ND5) 65 28 0948  0.0038 0.0089 0.0181 —1.836* —2.46%
(0.0021)  (0.0028)  (0.0039)
Senegal (ND5) 28 17 0.886  0.0038 0.0066 0.0107 —1.467" —2.97%+*
(0.0021)  (0.0025)  (0.0032)
Kenya (ND5) 37 15 0938  0.0035 0.0054 0.0093 ~1.158™ —0.28"
(0.0019)  (0.0021)  (0.0027)
(NDI-cyth) 37 11 0856  0.0031 0.0050 ND —1.189™ —0.79™
(0.0019) , (0.0020)
An. arabiensis :
Total (ND5) 55 25 0937  0.0046 . 0.0082 0.0202 —.1413™ —1.48™
(0.0024)  (0.0027)  (0.0044)
Senegal (ND5) 26 23 0988  0.0051 0.0091 0.0209 —1.602" —1.84"
(0.0027)  (0.0034)  (0.0056) -
S. Africa (ND5) 5 38 0.70 0.0023 ' 0.0022 0.0026 0.262" 0.76™
(0.0016) - (0.0015)  (0.0017) ,
Kenya (ND5) 23 8 0806  0.0040 0.0033 0.0060 0.684™ 1.42™
. (0.0022)  (0.0015)  (0.0022)
(NDI-cyth) 23 3 0708  0.0026 0.0015 ND 1.690™ 0.99™°
(0.0016)  (0.0010)

n, the number of sequences; S, the number of polymorphic sites; #, haplotype diversity; w, fs, 8y, Tajima’s
D, ¥ and L’s D, are as defined in MATERIALS AND METHODS; ND, not computed. The total An. arabiensis sampie
included a single specimen from the Mananga colony as well as all field specimens from Malahlapanga, South
Africa. Values in parentheses are SE. * P < 0.05; ** P < 0.02.

sponded to average levels of migration (N,) in excess
of two per generation, above the threshold required
for genetic differentiation by genetic drift (SLATKIN,
1987).

Evidence for isolation by distance was examined in
both species for each pair of locations up to 100 km
apart, and for An. arabiensis over the entire continent,
after pooling the six samples from western Kenya and
the two from southwestern Senegal. Because N, is unde-
fined when Fgr = 0 (as it often was), pairwise Fsr values
rather than N,, values were plotted against distance (Fig-
ure 3), and against log(distance) (not shown). Al-
though the highest Fsrvalues were associated with com-
parisons across 2000 km, it was also true that some pairs
of samples separated by 60007000 km showed Fsr =
0. No simple nor convincing pattern of isolation by
distance was evident from these mtDNA sequences; vari-
ation in levels of differentiation was independent of
distance. However, it should be noted that the coarse
geographical sampling scheme, and small sample sizes
atsome locations (e.g., coastal Kenya), may have limited
the ability to detect isolation by distance.

Analyses based on this single, maternally 1nher1ted
locus seemed to suggest that neither large geographic
distances nor species designations play an important
role in stratifying variation in An. gambiae and An. ara-
biensis. Evidence from allozyme and microsatellite mark-
ers supports this view. Allozyme frequency data from
both species, collected from numerous locations
throughout Africa (MILES, 1978), were analyzed using

BIOSYS. Fsr analyses were carried out on five enzyme
loci from An. gambiae and four from An. arabiensis sam-
pled from West Africa (Senegal and The Gambia), from
East Africa (Kenya), and from an An. arabiensis popula-
tion from South Africa. These enzyme loci are autoso-
mal; the esterases and Pgm2 have been mapped to chro-
mosome 2and Odh is linked to chromosome 3 (HUNT,

1987 CrEWS-OYEN et al. 1993). In addltlon microsatel-
lite data from five loci representing all three chromo-
somes are available from An. gambiae populations from
Senegal and Keriya (LEHMANN et al. 1996, 1997), and
from 25 loci from both species in Kenya (KAMAU et al.
1997). Table 3 compares the Fsr estimates based on
mtDNA to those derived from allozyme and microsatel-
lite markers. Because sampling times and locations were
different for the different markers and the calculation
of Fsr or Rsrdiffered by marker, exact numbers cannot
be appropriately compared. However, the concordant
patterns of genetic differentiation indicated by the dif-
ferent markers strengthen the view that large geo-
graphic distances have not imposed a barrier to gene
flow within species and emphasize the low level of diver-
gence between species.

Pairwise difference distributions: If the frequency of
mtDNA haplotype pairs that differ by ¢ nucleotide sites,
where i = 0, is plotted, the shape of the distribution
can provide information about the history of changes
in population size (SLATKIN and HUDSON, 1991; Ro:- .
ERS and HARPENDING, 1992). Simulation studies suggest
that for a stable population, the shape is expected to be
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scale for An. arabiensis (B). In each case, the F, values were weighted by the harmonic mean of the sample sizes.

TABLE 3

Geographic structure and gene flow indicated by mtDNA
(ND5), allozyme, and microsatellite markers

mtDNA” . Allozymes Microsatellites

Fyr Fyr Ryr
An. gambiae
5-100 0.017 (28.9) 0.006 (41.4) 0.013° (38.0)
250-700 km 0.032 (15.1) 0.025 (9.8) 0.037¢ (9.8)
2000-7000 km 0.085 (5.4) 0.030 (8.1) 0.036° (3.4)
An. arabiensis .
5-100km 0 (>1) _o D
250-700 km 0 >1) 0.021 (11.7) —ND
2000-7000 km 0.044 (10.8) 0.038 (6.3) — D
An. gambiae vs. '
An. arabiensis 0.093 0.072¢ 0.15%/

Values in parentheses are Nm. ND, no data available.

¢ Summary Fs; values for each geographic range were an
average of pairwise Fsr values, with each pairwise value
weighted by the harmonic mean of sample sizes. In computing
this average, negative pairwise Fyr values were not considered
as zero, 1o better account for random noise. However, any
negative summary values obtained after averaging were con-
sidered as zero. o

® Average across four loci, excluding ODH. Including ODH,
Fyr = 0.191. :

£ Average across five loci from LEHMANN &t al. (1997).

¢ Average across nine loci (T. LEHMANN, unpublished data).

¢ Average across five loci (from LEHMANN et al. 1996).

/Median R value for 25 loci (from KAMAU ot al. 1997).

irregular because of stochastic lineage loss. By contrast,
recent population expansion should produce a smooth
unimodal distribution that approximates Poisson. For
both An. gambiae and An. arabiensis, the distribution of
pairwise differences for ND5 sequences from Senegal
and Kenya was plotted (Figure 4). Although all distribu-
tions except Kenyan An. arabiensis appeared unimodal,
each strongly deviated from Po1ssoN (P < 0.01). This
result is consistent with population stationarity but does
not necessarily rule out more complex models of popu-
lation expansion (see ELLER and HARPENDING, 1996).
mtDNA phylogeography: With only 25 polymorphic
sites that were informative for parsimony and more than
twice that number of haplotypes, maximum parsimony
analyses could not be usefully applied. Instead, a parsi-
mony network was constructed in which the quantity
minimized was not global tree length, but individual
mutational connections between haplotypes (Figure 5).
This approach better reflected the expectation that, for
a collection of very closely related sequences, common
ancestral sequences will be extant in the collection
(CRANDALL ¢t al. 1994). The probability of a parsimoni-
ous connection between haplotypes was supported
across the network at P = 0.97 (equation 8 of TEM-
PLETON ef al. 1992). However, the proportion of ambig-
uous connections indicates that at least some mutations
are homoplasious. Indeed, although the network-based
mutational distances between pairs of haplotypes were
often in good agreement with observed distances, this
was not always the case. For example, haplotypes 24
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FIGURE 4.—Pairwise-difference distributions from mtDNA
ND5 sequences of An. gambiae (A) and An. arabiensis (B).
Empirical distributions are shown as hatched bars (Senegal)
or white bars (Kenya); their fit to a Poisson distribution is
given by solid (Senegal) or dashed (Kenya) lines.

and 25 are seven steps apart in the network but only five
steps apart when the sequences are compared directly.

In Figure 5, those haplotypes that were most frequent
in the collection were generally positioned at interior
nodes, from which many connections sprouted. In A,
where haplotypes are color-coded according to species,
it can be seen that most of the more frequent, ancestral
haplotypes were shared between species, whereas termi-
nal haplotypes (those at the tips) were rarely shared.
So far, this pattern is most easily interpreted as sorting
of shared ancestral polymorphism. However, assuming
that terminal haplotypes were created by the most re-
cent mutations, it is worth noting that three such haplo-
types from An. arabiensis (8,17, and 26) were connected
most parsimoniously to haplotypes only found in An.
gambiae. In B, the same network of haplotypes was
coded according to geographic origin (Senegal, Kenya,
or South Africa). This revealed a similar pattern, in
which the more frequent ancestral haplotypes were gen-
erally shared between geographic regions and the ter-

minal ones were not. However, there were three termi-
nal haplotypes from Senegal (8, 17, and 19) that were
connected to haplotypes found only in Kenya, even
when all ambiguous connections were considered. It is
striking that haplotypes 8 and 17 were also from An.
arabiensis but connected to An. gambiae haplotypes.

DISGUSSION

Intraspecific mtDNA variation: Previously published

studies of mtDNA variation within anopheline species -

have used restriction mapping of the entire molecule

(e.g., CONN et al. 1993, 1997; FREITAS-SIBAJEV et al. 1995;

PERERA ef al. 1995). With this technique, estimated lev-
els of nucleotide diversity found for six species of nearc-
tic and neotropical anopheline mosquitoes ranged
from 0.0018 to 0.0085 (ConN et al. 1997). Nucleotide
diversity estimates obtained by sequencing the ND5
gene fragment of An. gambiae and An. arabiensis (0.0038
and 0.0046, respectively) fall within this range. How-
ever, the pattern of mtDNA variation found in each
geographic location in the An. gambiae complex is at
least superficially distinct from that described for the
other anophelines, in that no haplotype predominates
and the majority of haplotypes are singletons. Further-
more, cooccurring haplotypes commonly differ at four
to five nucleotide positions. This is a pattern consistent
with relatively large continuous populations that do not
experience severe dry season bottlenecks, a conclusion
reached by TAYLOR ¢t al. (1993) based on frequencies of
chromosomal inversions in An. arabiensis. In the other
anophelines examined to date, one or two haplotypes
predominate at each geographic location, with rare
ones differing by a single restriction site (CONN et al
1993, 1997; FREITAS-SIBAJEV e al. 1995; PERERA et al.
1995). A possible explanation for this distinction is the
higher resolution of sequencing wvs. restriction map-
ping. It remains to be seen whether underlying differ-
ences in population size and structure also contribute.

Despite high levels of allelic diversity, we detected
little to no geographic structure to the mtDNA variation
within An. gambiae and An. arabiensis, even at distances
of 6000 km. Although there are few obvious environ-
mental barriers to gene flow, these results were unantic-
ipated. In part, this was because the population genetics
of these species has been studied mainly from the point
of view of chromosomal inversion polymorphisms (e.g.,
CoLuzzi et al. 1985; TOURE et al. 1994), which are un-
likely to be selectively neutral. For An. gambige, in which
the frequencies of alternative chromosomal arrange-
ments in West Africa show significant temporal and spa-
tial heterogeneities strongly correlated with environ-
mental factors (COLUZZI et al. 1985; TOURE et al. 1994),
the impression was highly structured populations. How-
ever, if natural selection were responsible for this pat-
tern, it may ‘‘say more about the environmental condi-
tions than about the gene flow regime of the species’
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(Avise, 1994). Indeed, not only do patterns of allozyme
and microsatellite variation concur with mtDNA, but
estimates of gene flow based on these different classes
of markers are remarkably similar in spite of mutation
rates that may differ by several orders of magnitude
(LEHMANN et al. 1996, 1997; Table 3).

One possible interpretation is that gene flow within
both species is extensive enough to prevent differentia-
tion across the African continent. An alternative expla-
nation is that this pattern does not reflect current popu-
lation structure, but the history of a recent range expan-
sion across Africa by both species. The shape of the
mismatch distributions (Figure 4) does not support
rapid population growth from a small founder popula-
tion, but is still compatible with range expansion by
large and relatively stable populations, a scenario re-

D) o 9

@@%me

1825

FIGURE ~ 5.—Parsimony
network for 59 mtDNA ND5
haplotypes from An. gambiae
and An. arabiensis. Num-
bered haplotypes are en-
closed in circles roughly
proportional to their fre-
quency; ‘0" are missing in-
termediates. Each connec-
tion represents one nucleo-
----------------- tide difference. Dashed

lines indicate ambiguous

connections. In A, haplo-
types are colorcoded ac
cording to taxonomy, with
white circles and black cir-
cles representing haplo-
types unique to An. gambiae
_or An. arabiensis, respec-
tively. Hatched circles repre-
sent haplotypes common to
both species. In B, haplo-
types are colorcoded ac-
cording to geography, with
white circles, black circles,
and checked circles (haplo-
types 30-31) representing
haplotypes unique to Ke-
nya, Senegal, and South Af-
rica, respectively. Hatched

circles (1-2, 11, 33, 41-42)

represent haplotypes com-

mon to Senegal and Kenya;

crosshatched circle (32)

represents a haplotype com-

mon to South Africa and

Kenya.

cently proposed for a similar pattern found in the West-
ern European house mouse (NACHMAX et al. 1994). The
parsimony network (Figure 5) fulfills a prediction of
recent colonization in that the older, more frequent
interior haplotypes are the most widespread geographi-
cally, whereas the newer terminal ones are geographi-
cally limited (CASTELLOE and TEMPLETON, 1994).

Is the dispersal ability of these mosquitoes consistent
with that required to make gene flow a plausible expla-
nation for low differentiation across Africa? One mark-
release-recapture study measured the mean flight range
at <1.6 km, with over 90% recaptured within 3 km
of the release point (GILLIES, 1961). However, flight
capacity of An. gambiae is as high as 7 km (HOLSTEIN,
1954), and a recent mark-release study gave consider-
ably higher estimates of 3560-650 meters per day per



1826

adult mosquito, whose daily probability of survival was
0.8 (CONSTANTINI ¢t al. 1996). NEIGEL and AVISE (1993)
have modeled the expected geographic ranges for
mtDNA lineages dispersed by a multigeneration ‘‘ran-
dom walk.” Assuming a per generation dispersal dis-
tance of 2—10 km, 12 generations per year, and mtDNA
lineages 2—12 million generations old (using a molecu-
lar clock of 1.1-1.2% per million years per lineage;
BROWER, 1994), the expected geographic range for
these lineages actually exceeds 6000 km (Figure 4 of
NEIGEL and AVisE, 1993), so that it is at least theoreti-
cally possible that equilibrium exists between gene flow
and genetic drift across Africa. Beyond the possibility
of active dispersion, it should also be noted that passive
transport of An. gambiae over long distances by plane,
boat, and truck has been recorded repeatedly both
within and outside its normal distribution range (HOL-
STEIN, 1954). When such transport leads to previously
unoccupied territory with potential breeding sites, the
process of colonization can be remarkably rapid. An.
gambiae invaded Brazil in late 1929 or early 1930 and
within 10 years had spread into an area with a ~230
km radius before it was eradicated (SOPER and WILSON,
1943).

Although active and passive dispersal may be suffi-
cient explanations for the distribution of mtDNA. varia-
tion in both species; their behavior makes it difficult to
discount recent range expansion as an additional fac-
tor. An. gambice and to a lesser degree An. arabiensis are
“domestic’’ species, not only depending on humans for
blood, but also for resting and breeding sites, since they
rest in human habitations or storage sheds and breed
in bare sunlit pools created by human activity such as
footprints, animal hoofprints, rice fields, and irrigation
ditches. The anthropophily of An. gambiae led COLUZZI
et al. (1985, p 46) to observe that ““it would be difficult
to hypothesize its evolution and its wide diffusion in
Tropical Africa in the absence of man.” On behavioral
grounds, it is tempting to speculate that An. gambiae
is a relatively young species, whose origin may have
coincided with the thousandfold increase of human
populations in Africa following the arrival of agriculture

* into West Africa within the last 9000 years (CAVALLI-

SFORZA et al. 1993).

Interspecific mtDNA variation: Of the several dozen
species of anophelines implicated in human malaria
transmission, most are thought to belong to sibling spe-
cies complexes (COLLINS and PASKEWITZ, 1995); thus
the ability to discriminate members of a complex has a
practical dimension that has motivated many studies.
Where restriction fragment length polymorphism sur-
veys of mtDNA variation in other anopheline species
complexes have been made, in An. dirus (YASOTHORNS-
RIKUL ¢t al. 1988), An. freeborni (COLLINS ef al. 1990), An.
quadrimaculatus (MITCHELL et al, 1992) and An. albitarsis
(NARANG et al. 1993), fixed differences distinguished
member species in all cases except the An. freeborni com-

t
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plex (COLLINS et al. 1990). An. gambiaeand An. arabiensis
constitute another exception, since there were no fixed
nucleotide differences and multiple shared haplotypes
between them.

How likely is it that these taxa share identical mtDNA
haplotypes solely on the basis of retained ancestral poly-
morphism? The expectation that fixed mtDNA differ-
ences will distinguish closely related species depends
on the time since species splitting and female effective
population size. The shorter the time and the larger the
population size, the greater the likelihood of mtDNA
polyphyly or paraphyly between taxa (AVISE, 1994). As-

. suming that all gene flow between species permanently
. ceased at the time of species splitting, the probability

that both taxa retain identical mtDNA haplotypes from
the ancestral population is very slight beyond 4n genera-
tions, where 7 is carrying capacity or female population
size (AVISE et al. 1984). The long-term effective popula-
tion size of An. gambiae has been estimated from micro-
satellite frequencies across nine loci to be ~240,000,
using a conservative average mutation rate of 107° (T.
LEHMANN, unpublished data). Using this estimate and
assuming stable-sized populations and selective neutral-
ity, it is very unlikely for ancestral mtDNA haplotypes
to have persisted in either taxa beyond 480,000 genera-
tions (~40,000 years). This is much less than the mean
time to coalescence for the most divergent haplotypes
in either species: ~510,000 years with a standard devia-
tion of ~180,000 years (calculated after TEMPLETON,
1993, using a mutation rate of 107° per year). Based on
a gamma distribution, the 95% confidence limits about
these means, 219,000-914,000 years, do not include
40,000 years. However, there is no external calibration
for the mtDNA. mutation rate in An. gambiae, and if a
10-fold higher mutation rate is used, the mean time to
coalescence is ~51,000 years with a standard deviation
of 18,000 years, and the 95% confidence limits of
21,900—-91,400 years easily include 40,000 years. With
conservative estimates of mutation rates, this coalescent
approach does not rule out shared ancestral polymor-
phism as the explanation for shared haplotypes. How-
ever, if retained ancestral polymorphism were accepted
as a sufficient explanation, nuclear gene polymor-
phisms should be shared even more extensively than
those of mtDNA (because of their larger effective popu-
lation sizes), and this has not yet been found outside
of shared inversions (BESANSKY et al. 1994; MATHIO-
POULOS et al. 1995; GARCIA et al. 1996). Therefore, we
believe that transfer of mtDNA across species bound-
aries provides a plausible explanation for haplotypes
shared between these taxa. )

Frequent examples of natural hybridization and in-
trogression exist in both plants and animals (HARRISON,
1993; Avise, 1994; ARNOLD, 1997), particularly among
closely related taxa. What is unusual in the case of An.
gambiae and An. arabiensis is the apparent absence of
any hybrid zones and the geographic scale of mtDNA
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introgression (but see MASON et al. 1995), such that
without independent molecular or cytogenetic mark-
ers, these isomorphic taxa would not be distinguishable.
Although potentially fertile female hybrids have been
found at rates of one to two per thousand females exam-
ined (Covruzzi et al. 1979), rates theoretically high
enough to homogenize interspecific variation, their rel-
ative fitness in natural populations has not been stud-
ied. Our data indicate that at least some proportion
of hybrids must successfully backcross to either parent
species, and depending upon the direction of the back-
cross, transfer mtDNA across species boundaries. This
raises the possibility that portions of the nuclear ge-
nome could be transferred as well. Thus, both ancestral
polymorphism and more recent introgressive hybridiza-
tion challenge the interpretation of gene flow within
and between An. gambiaeand An. arabiensis. The rewards
of this challenge lie not only in information about the
nature of divergence at the population-species inter-
face, but in information critical to the successful appli-
cation and evaluation of future genetic control strate-
gies that target these dangerous vectors.
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